Abstract -We present the results of single event effects (SEE) testing and analysis investigating the effects of radiation on electronics. This paper is a summary of test results.
INTRODUCTION
NASA spacecraft are subjected to a harsh space environment that includes exposure to various types of ionizing radiation. The performance of electronic devices in a space radiation environment are often limited by their susceptibility to single event effects (SEE). Ground-based testing is used to evaluate candidate spacecraft electronics to determine risk to spaceflight applications. Interpreting the results of radiation testing of complex devices is challenging. Given the rapidly changing nature of technology, radiation test data are most often application-specific and adequate understanding of the test conditions is critical [1] .
Studies discussed herein were undertaken to establish the application-specific sensitivities of candidate spacecraft and emerging electronic devices to single-event upset (SEU), single-event latchup (SEL), single-event gate rupture (SEGR), single-event burnout (SEB), and single-event transient (SET).
For total ionizing dose (TID) results, see a companion paper submitted to the 2018 Institute of Electrical and Electronics Engineers (IEEE) Nuclear and Space Radiation Effects Conference (NSREC) Radiation Effects Data Workshop (REDW) entitled "NASA Goddard Space Flight Center's Compendium of Recent Total Ionizing Dose and Displacement Damage Dose Results" by A. D. Topper, et al. [2] .
All tests were performed between February 2017 and February 2018. Heavy ion experiments were conducted at the Lawrence Berkeley National Laboratory (LBNL) 88-inch cyclotron [3] , and at the Texas A&M University Cyclotron (TAMU) [4] . Both of these facilities provide a variety of ions over a range of energies for testing. Each device under test (DUT) was irradiated with heavy ions having linear energy transfer (LET) ranging from 0.07 to 86 MeV•cm Tables I, and II . LETs in addition to the values listed were obtained by changing the angle of incidence of the ion beam with respect to the DUT, thus changing the path length of the ion through the DUT and the "effective LET" of the ion. Energies and LETs available varied slightly from one test date to another. 
A. Test Method
Unless otherwise noted, all tests were performed at room temperature and with nominal power supply voltages. We recognize that high-temperature and worst-case power supply conditions are recommended for SEL device qualification. Unless otherwise noted, SEE testing was performed in accordance with JESD57A test procedures [15] .
1) SEE Testing -Heavy Ion:
Depending on the DUT and the test objectives, one or more of three SEE test methods were typically used:
Dynamic -The DUT was exercised and monitored continuously while being irradiated. The type of input stimulus and output data capture methods are highly device-and application-dependent. Generally, analog devices were provided with a time-varying signal while an oscilloscope captured variations in output waveforms (e.g. a function generator providing a pair of square wave inputs to a comparator while an oscilloscope captured output glitches). Digital devices were operated by a computer, FPGA, or microcontroller while outputs were monitored with the same (e.g. a memory actively written-to or read-from by an FPGA), or with an oscilloscope or logic analyzer as appropriate (e.g. a data-converter with analog output channels). Occasionally a golden-chip test may be performed where an irradiated device is directly compared to an identical, unirradiated device and any differences are recorded. In all cases the power supply levels were actively monitored during irradiation. These results are highly application-dependent and may only represent the specific operational mode tested.
Static/Biased -The DUT was provided basic power and configuration information (where applicable), but not actively operated during irradiation. The device output may or may not have been actively monitored during irradiation, while the power supply current was actively monitored for changes.
Unpowered -The DUT was characterized prior-to and immediately-following irradiation, but was completely unpowered and unmonitored during irradiation.
In SEE experiments, DUTs were monitored for soft errors, such as SEUs, and for hard errors, such as SEGR. Detailed descriptions of the types of errors observed are noted in the individual test reports [16] , [17] .
SET testing was performed using high-speed oscilloscopes controlled via National Instruments LabVIEW® [18] . Individual criteria for SETs are specific to the device and application being tested. Please see the individual test reports for details [16] , [17] .
Heavy ion SEE sensitivity experiments include measurement of the linear energy transfer threshold (LETth) and cross section at the maximum measured LET. The LETth is defined as the maximum LET value at which no effect was observed at an effective fluence of 1×10 7 particles/cm 2 . In the case where events are observed at the smallest LET tested, LETth will either be reported as less than the lowest measured LET or determined approximately as the LETth parameter from a Weibull fit. In the case of SEGR and SEB experiments, measurements are made of the SEGR or SEB threshold VDS (drain-to-source voltage) as a function of LET and ion energy at a fixed VGS (gate-to-source voltage).
2) SEE Testing -Proton:
Proton SEE tests were performed in a manner similar to heavy ion exposures. However, because protons usually cause SEE via indirect ionization of recoil particles, results are parameterized in terms of proton energy rather than LET. Because such proton-induced nuclear interactions are rare, proton tests also feature higher cumulative fluences and particle flux rates than heavy ion experiments.
3) SEE Testing -Pulsed Laser
The DUT was mounted on an X-Y-Z stage in front of a 100x lens that produces a spot diameter of approximately 1 μm at full-width half-maximum (FWHM). The X-Y-Z stage can be moved in steps of 0.1 μm for accurate determination of SEU sensitive regions in front of the focused beam. An illuminator, together with a charge coupled device (CCD) camera and monitor, were used to image the area of interest thereby facilitating accurate positioning of the device in the beam. The pulse energy was varied in a continuous manner using a polarizer/half-waveplate combination and the energy was monitored by splitting off a portion of the beam and directing it at a calibrated energy meter. Table III . Abbreviations and conventions are listed in Table IV . SEE results are summarized in Table V III. TEST RESULTS AND DISCUSSION As in our past workshop compendia of NASA Goddard Space Flight Center (GSFC) test results, each DUT has a detailed test report available online at radhome. gsfc.nasa.gov [17] and nepp.nasa.gov [18] .
II. TEST RESULTS OVERVIEW Principal investigators are listed in
This section contains summaries of testing performed on a selection of featured parts.
A. Avalanche Technology's AS008MA12A-C1SC
SPnVSRAM The Avalanche Technology AS008MA12A-C1SC is an 8 Mb serial non-volatile memory that uses Avalanche's proprietary pMTJ STT-MRAM technology. Samples in a 16-pin SOIC package were provided to NASA-GSFC and the US Navy by the manufacturer as a collaborative radiation testing program. Testing was conducted by NASA-GSFC at the Texas A&M University Cyclotron Facility with a typical set of heavy ions (Table I) Prior to testing, the parts were decapsulated and mounted on small circuit board adapters. The parts were directly operated by a small, commercially-available ARM Cortex-M0 microcontroller board (Fig. 1) , with commands from a laptop PC over a USB link.
Several test modes were used to identify different singleevent effects. Static memory testing (both powered and unpowered during irradiation) did not result in any memory cell upsets up to and including a normal-incidence LET of 85. 
B. Hitachi HM628128 SRAM
The Hitachi HM628128 SRAM has been used as a "canary" part for evaluating the proton beam offerings at each highenergy facility we have visited. The search is an attempt to find suitable replacements for Indiana University Cyclotron Facility. As of the publication of this paper, the facilities at which we have tested are: Massachusetts General Francis H. Burr Proton Therapy (MGH), Tri-University Meson Facility (TRIUMF), Northwestern Medicine Chicago Proton Center, California Protons Cancer Therapy Center (formerly Scripps Proton Therapy Center), Mayo Clinic, ProVision Center for Proton Therapy, and the Proton Therapy Center at Cincinnati Children's Hospital. For most of these facilities, the proton energy tested was 200 MeV, however, at TRIUMF only 105 MeV and 480 MeV were tested, and 105 MeV was tested in addition to 200 MeV at the Mayo Clinic. Fig. 3 shows the comparison of the measured SEU crosssections for each of the facilities. There was no major difference between facilities, so all are suitable options for high-energy protons. IV. SUMMARY We have presented current data from SEE testing on a variety of mainly commercial devices. It is the authors' recommendation that these data be used with caution. We also highly recommend that lot testing be performed on any suspect or commercial device.
